Many of our everyday actions are only appropriate in certain situations and selecting the appropriate behavior requires that we use current context and previous experience to guide our decisions. The current study examined hippocampal functional connectivity with prefrontal and striatal regions during a task that required participants to make decisions based on the contextual retrieval of overlapping sequential representations. Participants learned four sequences comprised of six faces each. An overlapping condition was created by having two sequences with two identical faces as the middle images. A non-overlapping condition contained two sequences that did not share any faces between them. Hippocampal functional connectivity was assessed during the presentation period and at the critical choice, where participants had to make a contextually dependent decision. The left hippocampus showed significantly increased functional connectivity with dorsal and ventral striatum and anterior cingulate cortex during the presentation period of the overlapping compared to the non-overlapping condition after participants knew the sequences. At the critical choice point of the overlapping condition, the left hippocampus showed stronger functional connectivity with the orbitofrontal cortex. These functional connectivity results suggest the hippocampus may play a role in decision making by predicting the possibilities of what might come next, allowing orbitofrontal and striatal regions to evaluate the expected choice options in order to make the correct action at the choice point.
Introduction
Decision making involves comparing the value of choice options and selecting a course of action based upon that valuation (Kable and Glimcher, 2009; Rangel et al., 2008) . The medial prefrontal and orbitofrontal cortex, as well as both dorsal and ventral striatum, form part of the valuation circuitry important for determining the reward value of the outcome of a choice (Hare et al., 2008; Kable and Glimcher, 2007; Lau and Glimcher, 2008; PadoaSchioppa and Assad, 2006; Plassmann et al., 2010) . Critically, some choices can have multiple outcomes associated with them where an action taken in one context may be appropriate while that same action in a different context may not. The hippocampus is critical for forming and retrieving item-context associations (Cansino et al., 2002; Davachi et al., 2003; Eichenbaum et al., 2007; Giovanello et al., 2004; Komoroski et al., 2009; Manns and Eichenbaum, 2006; Ranganath et al., 2004; Rolls, 1996; Ross et al., 2008; Slotnick, 2010; Staresina and Davachi, 2008; Yonelinas et al., 2001 ) and has also been linked to the separation, or disambiguation, of overlapping sequences in both animals and humans Brown et al., 2010; Hasselmo and Eichenbaum, 2005; Kumaran and Maguire, 2006; Lipton et al., 2007; Ross et al., 2009; Shohamy and Wagner, 2008; Zilli and Hasselmo, 2008) . Importantly, the hippocampus shows stronger fMRI activity when context is used to guide choices (Brown et al., 2010) , suggesting the hippocampus may work with prefrontal and striatal regions when making decisions at choice points where the options have been associated with different reward values and the current context can be used to implement the correct choice.
Within the prefrontal cortex, the orbitofrontal cortex may be particularly important to the selection of the appropriate response when confronted with choice options whose reward values change in different contexts. The orbitofrontal cortex signals the expected value of a choice (Plassmann et al., 2010; Schoenbaum et al., 1998; Takahashi et al., 2009) and is critical for reversal learning (Berlin et al., 2004; Chudasama and Robbins, 2003; Fellows and Farah, 2003; Hornak et al., 2004; McAlonan and Brown, 2003; Meunier et al., 1997; Rudebeck and Murray, 2008; Schoenbaum et al., 2003; Tsuchida et al., 2010) . Additionally, the orbitofrontal cortex is activated at the choice point where two overlapping navigational routes diverge (Brown et al., 2010) , suggesting the orbitofrontal cortex may be critical for the type of flexible behavior necessary to select appropriate responses in situations with changing contingencies. These previous studies suggest the hippocampus and orbitofrontal cortex may act as a functional network in order to separate the individual value of each choice option within the current context in order to guide the decision making process.
In the current study, we used a previously collected data set (Ross et al., 2009 ) examining sequence learning in humans to examine functional interactions between the hippocampus, prefrontal cortex, and striatum during a task that required participants to make decisions based on the contextual retrieval of overlapping sequential representations. Participants were asked to make choices in the context of a sequence learning task. Critically, an overlapping sequence condition was created where the correct choice required participants to use the context of the current sequence to make their decision (critical choice point). The overlapping condition was formed by creating two non-spatial sequences of six faces which shared the same middle two faces (i.e. the third and fourth faces of the sequence), while a non-overlapping (NOL) sequence condition was composed of two additional sequences of six unique faces always shown in the same order (Fig. 1) . After viewing the first four faces in a sequence, participants were shown two faces simultaneously and were asked to choose which of the faces belonged in the current sequence (Fig. 2 ). Left and right hippocampal spherical seed regions with a radius of 5 mm centered on Montreal Neurological Institutes (MNI) coordinates ±30, −24, −15 were derived from a previous study illustrating the importance of the hippocampus to sequence learning (Schendan et al., 2003) . Regions showing functional connectivity with these seed regions were assessed using a beta-series correlation functional connectivity method (Rissman et al., 2004) . The fMRI data were split into a learning phase and experienced phase based on each individual's behavioral performance. The data split allowed us to examine differences in functional connectivity when participants were learning the correct choices to make in the overlapping sequences as well as during contextually driven decision making when participants knew the sequences. Additionally, a random order condition (RAN) where two groups of six faces were always shown in a unique order was included. Inclusion of the random condition allowed us to examine functional connectivity during sequence learning and retrieval by comparing the non-overlapping condition to the random condition in the learning and retrieval phases of the experiment.
Results

Behavioral results
We examined both accuracy and reaction time at the critical choice point to determine whether there were any differences between the overlapping (OL), non-overlapping (NOL) and random conditions (RAN). A repeated measures ANOVA revealed a significant difference in percent accuracy (F (2,28) = 3.489, p < 0.05) and reaction time (F (2,28) = 9.352, p < 0.01) across the OL, NOL, and RAN conditions at the critical choice ( Fig. 3a and 3b) . The significant effect of accuracy at the critical choice was caused by a significant difference between the NOL and RAN condition (t (14) = 2.310, p < 0.05) while the significant effect found in reaction time was caused by a significant difference between the OL and RAN conditions (t (14) = 4.026, p < 0.01) and a significant difference between the NOL and RAN conditions (t (14) = 3.784, p < 0.01). Importantly, no significant differences in either percent accuracy or reaction time were found between the OL and NOL conditions at the critical choice (mean accuracy; OL 84.44 ± 2.35%, NOL 86.67 ± 1.64%; mean reaction time; OL 1539.78 ± 72.64 ms, NOL 1458.18 ± 60.81 ms) suggesting the two sequence conditions were of equal difficulty.
Behavioral results for learning phase and experienced phase
Each individual participant's behavioral performance at the critical choice point was used to separate the data into a learning phase and an experienced phase separately for the OL, NOL, and RAN conditions. The data were split at the point where each individual participant's performance reached a predetermined criterion of six in a row correct. The mean run where participants reached the behavioral criteria of six correct critical choices in a row was 5.4 ± 0.75 in the OL condition, 4.80 ± 1.44 in the NOL condition and 6.8667 ± 1.87 in the RAN condition (Fig. 3c) . A one-way repeated measures ANOVA revealed no significant difference between conditions at the run where participants reached behavioral criteria (F (2,28) = 2.319, p = 0.117).
Functional connectivity results
We wanted to examine regions showing significantly stronger functional connectivity with the hippocampus when participants could use contextual retrieval in order to disambiguate two overlapping choice options. Additionally, we wanted to examine disambiguation related functional connectivity with the hippocampus when participants viewed the faces leading up to the choice point. Therefore, we examined where the functional connectivity was stronger with the hippocampus during the presentation phase and the critical choice phase of the overlapping condition compared to the non-overlapping condition during both the learning and experienced phase of the experiment (OL > NOL). We limited this analysis to those regions which showed significant functional connectivity with the hippocampus in the OL condition.
A secondary goal of the experiment was to examine which brain regions showed stronger functional connectivity with the hippocampus during sequence learning and retrieval. Therefore, we also contrasted hippocampal functional connectivity during the presentation phase and critical choice phase of the non-overlapping condition to the random condition (NOL > RAN) during both the learning and experienced phase. Here we limited the analysis to regions showing significant hippocampal functional connectivity during the NOL condition.
Disambiguation related functional connectivity at presentation period-
We contrasted left and right hippocampal functional connectivity during the presentation period of the overlapping condition with the non-overlapping condition to isolate differences in hippocampal connectivity during the disambiguation of overlapping sequences at time points leading up to the critical choice. We did not see any significant differences in hippocampal functional connectivity between the OL and NOL conditions during the learning phase. In the experienced phase of the task (i.e. after participants knew the sequences), the left hippocampal seed region (−30,−24,−15) showed extensive disambiguation related functional connectivity during the presentation period (Table 1 ). Of particular interest was the greater connectivity between the left hippocampus and the dorsal and ventral striatum bilaterally, anterior cingulate cortex bilaterally (Brodmann area 24; BA 24), and posterior cingulate cortex bilaterally (BA 23) (Fig. 4) . The increased hippocampal connectivity with the dorsal striatum in the presentation period of the experienced phase included both left and right caudate nucleus as well as right putamen. Disambiguation related functional connectivity with the hippocampus during the viewing of the first four faces of a sequence after participants were correctly identifying the critical choice consistently suggests that hippocampal function is more tightly correlated with striatal, anterior cingulate, and posterior cingulate, functioning when retrieving an overlapping sequence.
Disambiguation related functional connectivity at the critical test-At
the critical test, participants had to indicate which of the two faces belonged with the four faces shown during the presentation phase. In the overlapping condition, participants needed to use the context of the current sequence to guide their choice because the faces immediately preceding the choice point and the faces at the choice point were always the same. The left hippocampus showed significant disambiguation related functional connectivity between many cortical regions at the critical choice point of the experienced phase, including the left rostral prefrontal cortex (BA 10p), left superior frontal sulcus (BA 8), supramarginal gyrus bilaterally (BA 40), and left superior parietal lobule (BA 7) (Fig. 5, Table 2 ). Importantly, the left hippocampus showed significantly greater functional connectivity with the left orbitofrontal cortex (BA 12/47) during the critical choice of the overlapping condition compared to the non-overlapping condition in the experienced phase of the task (Fig 5) . Consistent with our hypothesis, these results suggest that when making a choice after a period of overlap in a known sequence, the hippocampus works together with the orbitofrontal cortex in order to select the appropriate choice option for the current sequence.
2.3.
3 Random compared to overlapping condition-One possible explanation for the differences in functional connectivity between the overlapping and non-overlapping conditions detailed above could be related to working memory load. It may be that participants are maintaining the first few faces seen in the overlapping condition in working memory whereas they only need to maintain the prior face in the non-overlapping condition to get the critical choice correct. If working memory load is causing the differences in hippocampal functional connectivity between the overlapping and non-overlapping conditions, then one would expect the random condition, which has the greatest working memory load, to show greater hippocampal functional connectivity than the overlapping condition. Therefore, we compared hippocampal functional connectivity during the random condition to the overlapping condition. We limited these comparisons to the presentation and critical choice period of the experienced phase in the left hippocampus because this is where we found disambiguation related functional connectivity differences. The random condition showed significantly greater left hippocampal functional connectivity with only the cerebellum (x,y,z mni coordinate 0, −38, −34) during the presentation period of the experienced phase. At the critical test of the experienced phase, there were no brain regions which showed significantly greater left hippocampal functional connectivity during the random condition than the overlapping condition. Importantly, these results rule out working memory load as an explanation for the connectivity differences seen between the overlapping and non-overlapping condition.
2.3.4
Sequence related functional connectivity in learning phase-We also examined brain regions showing stronger functional connectivity with the hippocampus during sequence learning by contrasting the non-overlapping condition to the random condition (NOL > RAN) and masking the results with one-sample t-tests examining hippocampal functional connectivity in the NOL condition. The complete list of regions showing significant sequence related functional connectivity with the hippocampus during sequence learning and retrieval can be found in Table 3 .
During the presentation phase of the task, the left hippocampal seed region showed significantly stronger functional connectivity with right posterior orbitofrontal cortex (BA 13l), right medial prefrontal cortex (BA 10r), and right ventral striatum ( Fig. 6a ) when viewing faces from the non-overlapping sequence condition compared to the random condition. The right hippocampal seed region showed significant sequence related connectivity with right lateral rostral prefrontal cortex (BA 10p) and right ventral striatum during sequence learning in the presentation phase ( Fig. 6b top panel) .
At the critical test of the learning phase, the right hippocampal seed region showed significant sequence related functional connectivity with the medial rostral prefrontal cortex (BA 10) and left middle frontal gyrus (BA 8) ( Fig. 6b bottom panel) . These results suggest that during sequence learning, the hippocampus works in conjunction with ventral striatum, orbitofrontal cortex, medial prefrontal cortex, and lateral rostral prefrontal cortex.
2.3.5
Sequence related functional connectivity in experienced phase-We examined brain regions showing significantly increased functional connectivity with the hippocampus during sequence retrieval by contrasting the presentation period and critical choice of the non-overlapping condition to the random condition in the experienced phase of the task. There was extensive sequence related functional connectivity with the right hippocampal seed region during the critical choice of the experienced phase (Fig. 6c) . The right hippocampus showed significantly stronger functional connectivity during the critical choice of non-overlapping sequences compared to the random condition with the precuneus bilaterally (BA 7p and 7m), posterior cingulate cortex bilaterally (BA 31), cuneus bilaterally (BA 17), right dorsal lateral prefrontal cortex (BA 9), right medial rostral prefrontal cortex (BA 10r) and left superior parietal lobule (BA 7). These results suggest the hippocampus works with occipital, parietal, and prefrontal cortical regions when correctly identifying the next face in a sequence.
Discussion
Disambiguation related functional connectivity
The hippocampus has been shown to be critical when learning and retrieving both nonspatial and spatial sequences which have overlapping elements Brown et al., 2010; Kumaran and Maguire, 2006; Ross et al., 2009; Shohamy and Wagner, 2008) . Here, direct comparison of hippocampal functional connectivity during the learning and retrieval of overlapping versus non-overlapping sequences of faces allowed for the isolation of disambiguation related functional connectivity. The most extensive disambiguation related functional connectivity was seen in the experienced phase of the task, after participants knew the sequences. The left hippocampus showed disambiguation related functional connectivity with both dorsal and ventral striatum, anterior cingulate, and posterior cingulate during the presentation period of the experienced phase of the task. At the critical choice point, where the context of the current sequence could be used to make a choice, the left hippocampus showed stronger functional connectivity with orbitofrontal cortex, rostral prefrontal cortex, and supramarginal gyrus during the overlapping compared to the non-overlapping condition. These results suggest the hippocampus works in conjunction with a large network of regions, including prefrontal and striatal regions when there is a need to disambiguate overlapping non-spatial sequential representations to guide decision making.
3.1.1 Orbitofrontal-hippocampal connectivity during decision making-The orbitofrontal cortex may be critical to the selection of the correct stimulus under changing contextual situations. At the critical choice point, we found significant disambiguation related functional connectivity between the hippocampus and orbitofrontal cortex in the experienced phase of the task. The orbitofrontal cortex has been shown to be critically important for promoting flexible behavior (Arana et al., 2003; Chudasama and Robbins, 2003; Elliott et al., 2000; McAlonon and Brown, 2003; Meunier et al., 1997; Murray and Izquierdo, 2007; O'Doherty et al., 2003; Schoenbaum et al., 1998; Takahashi et al., 2009) . In a recent fMRI study examining disambiguation during spatial navigation, the orbitofrontal cortex was found to be active along with the hippocampus and parahippocampal cortex at the point where two overlapping mazes diverged (Brown et al. 2010) . Based on theoretical work (Hasselmo and Eichenbaum, 2005) , Brown and colleagues (2010) hypothesized that the orbitofrontal cortex may help in the flexible selection of the correct response at the critical choice point by working with contextual information retrieved by the hippocampus. A recent electrophysiological study demonstrated that over the course of learning, neurons in the hippocampus develop item-in-context representations (Komorowski et al., 2009 ). These item-in-context representations may help signal the importance of an item in one contextual situation over another. We suggest the observed increase in connectivity between the left hippocampus and orbitofrontal cortex at the critical choice point may be a reflection of an item-in-context representation being used by the orbitofrontal cortex to help guide the selection of the appropriate face in the current context.
Hippocampal contributions to decision making-
The current task requires an individual to make a choice between two equally rewarded stimuli at the critical choice point. At the critical choice of the overlapping condition, earlier elements of the sequence need to be retrieved to guide the decision. The dorsal and ventral striatum, orbitofrontal cortex, anterior cingulate, posterior cingulate, and ventral lateral prefrontal cortex have all been implicated in the decision making process (Breiter et al., 2001; den Ouden et al., 2010; Haber and Knutson, 2010; Hare et al., 2008; Kable and Glimcher, 2007; Lau and Glimcher, 2008; Padoa-Schioppa and Assad, 2006; Plassmann et al., 2010; Redish et al., 2008; Schoenbaum et al., 1998; Takahashi et al., 2009; van der Meer et al., 2010) . Our results showed significant disambiguation related functional connectivity between the hippocampus and these decision making regions, providing an important link between hippocampal function and decision making.
One possible way the hippocampus might help in the decision process is to predict what is to come after the currently presented stimulus. Electrophysiological studies in rodents have shown that the hippocampus may look ahead during decision making (Ferbinteanu and Shapiro, 2003; , and studies in humans have shown the hippocampus is active when thinking of the future (Addis et al., 2007; Botzung et al., 2008; Okuda et al., 2003) . This hippocampal look ahead might allow for evaluation of an upcoming choice by decision making circuitry to commence before the actual choice is encountered. In the current task, the look ahead may be accomplished by the hippocampus reading out the sequence of faces. In the overlapping condition, the sequence read out would introduce ambiguity at the overlap point since the overlapping stimuli are followed by two different faces. The greater connectivity seen between the hippocampus and regions involved in decision making after participants know the overlapping sequences may be due to the uncertainty caused by the overlapping sequences. The ventral striatum has long been associated with reward value (Breiter et al., 2001; Carlezon and Wise, 1996; Haber and Knutson, 2010; Phillips and Fibiger, 1978; van der Meer et al., 2010) . We suggest the increased hippocampal connectivity with the ventral striatum during the presentation phase of the overlapping sequences is a reflection of hippocampal retrieval of the upcoming choice options which then allows the ventral striatum to retrieve both the positive and negative reward values previously associated with each of the critical choice stimuli. The hippocampus may then signal that in this particular sequence, one of the stimuli has been associated with the positive reward value while the other stimulus has been associated with the negative reward value in preparation for the upcoming choice.
The hippocampal look ahead may also prepare the participants to take action when the choice stimuli appear. The current results showed significant disambiguation related functional connectivity with the dorsal striatum during the presentation phase of the task. The dorsal striatum has been shown to associate action with the current situation (Balleine et al., 2007; Poldrack et al., 2001; Poldrack and Packard, 2003; Redish et al., 2008; van der Meer et al., 2010) . The hippocampal connectivity with the dorsal striatum at the presentation phase may suggest a preparedness to act when the choice stimuli appear. In this way, the dorsal striatum may act as a filtering mechanism where only the relevant choice stimulus is allowed to enter working memory, allowing for the selection of the correct action (Baier et al., 2010; McNab and Klingberg, 2008) . In the presentation period of the experienced phase of the overlapping compared to the non-overlapping condition, the hippocampus also demonstrated significantly stronger functional connectivity with the anterior cingulate cortex, which has been associated with goal based action selection (Shima and Tanji, 1998; Matsumoto et al., 2003; Ridderinkhof et al., 2004; Hadland et al., 2003; Bush et al., 2002) . When combined with these prior studies, our results suggest the hippocampus works closely with the dorsal striatum and anterior cingulate cortex in situations where the current context and prior experience can be used to prepare a response.
Our functional connectivity results closely mirror known patterns of anatomical connections. The hippocampus sends projections to the orbitofrontal cortex (Barbas and Blatt, 1995; Cavada et al., 2000; Roberts et al., 2007) , the anterior cingulate cortex (Barbas and Blatt, 1995) and the ventral striatum (Groenewegen et al., 1987; 1999) . The orbitofrontal cortex forms a fronto-striatal loop with the dorsal striatum while the anterior cingulate cortex forms a separate fronto-striatal loop with the ventral striatum (Alexander et al., 1986) . The pattern of these anatomical connections coupled with the current functional connectivity results suggest the hippocampus may play a role in decision making by predicting the possibilities of what might come next, allowing reward valuation regions to evaluate the expected choice options in order to make the correct action at the appropriate choice point.
In our previous study examining hippocampal contributions to sequence learning using a univariate analysis (Ross et al., 2009) , we showed that hippocampal activity was not significantly different between the overlapping and non-overlapping conditions, even in the experienced phase of the task. Interestingly, by looking at the network activity, the current functional connectivity analysis identifies differences in hippocampal functional connectivity in the experienced phase using the same data set. In the Ross et al. 2009 study, we speculated that we did not see differences between the overlapping and non-overlapping conditions in the univariate analysis because the sequences were newly learned. We went on to suggest that well learned sequences might show a difference between overlapping and non-overlapping conditions. The connectivity results support this idea. In a subsequent study using a spatial sequencing task, we demonstrated that well learned overlapping sequences more strongly activate the hippocampus compared to well learned non-overlapping sequences (Brown et al., 2010) . We suggest that the differences in hippocampal functional connectivity we see for newly learned overlapping sequences in the current analysis may precede activation differences seen in well learned sequences.
Sequence related functional connectivity with the hippocampus
A second goal of the present study was to examine hippocampal functional connectivity during sequence learning and retrieval. The hippocampus has been shown to be critically important to learning the order of events (Downes et al., 2002; Fortin et al., 2002; Kesner et al., 2002) . Our results showed significant sequence learning related connectivity in the presentation phase between the hippocampus and orbitofrontal cortex, rostral prefrontal cortex, and ventral striatum.
After participants knew the sequences, there was significant sequence related functional connectivity between the hippocampus and the medial rostral prefrontal cortex, precuneus/ posterior cingulate cortex, and dorsal lateral prefrontal cortex at the critical choice point. The precuneus and posterior cingulate cortex have been linked to memory retrieval (Bledowski et al., 2009; Buckner et al., 2008; Cavanna and Trimble, 2006; Uncapher and Wagner, 2009; Wagner et al., 2005) while the dorsolateral prefrontal cortex has been shown to be important for maintaining representations in working memory (Kirchhoff et al., 2000; Miller and Cohen, 2001; Owen et al., 1996; Petrides, 1994; . The dorsal lateral prefrontal cortex may be maintaining representations of the two critical choice stimuli as the hippocampus, precuneus, and posterior cingulate cortex retrieve the correct stimulus from long-term memory.
Conclusion
Making the correct contextually dependent choice at a divergent point in two overlapping sequences increases the connectivity between the hippocampus, a region known to be important for disambiguating overlapping representations, and regions important for coding the value of choice options. Contextual retrieval of earlier elements of the sequence may play an important role in deciding between two overlapping representations at a choice point. We suggest the connectivity between the hippocampus and prefrontal cortical areas (orbitofrontal cortex and medial prefrontal cortex) may allow item-in-context representations coded in the hippocampus to influence the value of stimuli associated with both positive and negative outcomes, allowing for a contextually dependent choice to be made. In this way, the hippocampus may be assisting in the decision making process. In conclusion, we suggest the hippocampus works directly with the reward valuation and action selection systems when a choice must be made between two overlapping representations.
Experimental Procedure
Participants
The data used in the current study are the same as previously used for an experiment examining the role of the human hippocampus during learning and retrieval of sequences (Ross et al., 2009 ). The prior experiment used univariate statistical methods to examine the role of the human hippocampus during learning and retrieval of sequences (Ross et al., 2009 ) whereas the focus of the current analysis was to examine hippocampal functional connectivity during context dependent decision making. Twenty-one participants between the ages of 18-35 (mean age 20.7 ± 0.69 years; eight males) with normal or corrected-tonormal vision were recruited for this study from the Boston University community. A total of six participants were eliminated from the analysis, two due to excess motion during fMRI scanning and four because of poor behavioral performance, leaving fifteen participants for analysis. Each participant gave informed consent before participation in accordance with the experimental protocol approved by both the Massachusetts General Hospital Internal Review Board and the Institutional Review Board of Boston University.
Experimental Protocol
4.2.1 Behavioral paradigm-Thirty-six pictures of different faces (18 male; 18 female) served as stimuli in the task. Each stimulus was pseudo-randomly assigned to create six groups of six faces. Each group contained three male and three female faces with each face appearing in only one group. Randomly paired groups were assigned to the overlapping sequence, non-overlapping sequence, or random conditions.
In the overlapping sequence condition, six faces were always shown in the same order and the third and fourth faces of each sequence were identical, thereby creating two overlapping sequences. The non-overlapping condition contained two groups of six faces that were shown in the same order but did not share faces between them (Fig. 1) . The random condition contained two groups of six faces that always stayed the same but were shown in a random order each trial.
A trial consisted of Presentation, Delay, and Choice phases followed by an intertrial interval (ITI) (Fig. 2) . In the Presentation phase, a serial presentation of four faces was paired with a blurred face for 4 seconds. In the Delay period, a fixation cross was shown for 8 seconds. In the choice phase, participants were shown two faces and asked to indicate which face belonged in the group. The choice for the fifth face in the group was specified as the "critical choice", while the choice for the sixth face in the group was termed the "final choice". The fifth face in the group was determined to be the critical choice because it was the choice right after the period of overlap in the two sequences. Feedback was immediately given to the participants whether their response was correct or incorrect.
Participants were encouraged to learn the order of the faces in the overlapping and nonoverlapping sequence conditions in order to make the correct decision at the critical choice point. Participants were told that they would be tested on their knowledge after fMRI scanning. Participants viewed all six groupings of faces (two overlapping, two nonoverlapping, and two random) in a run. The order of presentation of the two groupings within a condition was split across trials. The groupings were counterbalanced so that each pair of six faces served as stimuli in all three conditions across participants.
A total of 12 runs were shown to each participant using E-Prime 2.0 (Psychology Software Tools, Inc., Pittsburgh, PA). Each group of six faces was shown 12 times over all the runs for a total of 24 overlapping condition trials; 24 non-overlapping condition trials and 24 random condition trials. The order of presentation for each condition within a run was counterbalanced across all 12 runs.
Postscan test-After
scanning, participants were administered a postscan test assessing their knowledge of the overlapping and non-overlapping sequences. All six faces in a sequence were presented to the participants in a scrambled order on a piece of paper. Participants were asked to label the faces in order of 1 through 6. Any participant who made more than two sequence errors on the postscan test was excluded from the functional connectivity analysis.
Imaging Acquisition
Imaging was conducted using a 3 Tesla Siemens MAGNETOM TrioTim scanner (Siemens AG, Medical Solutions, Erlangen, Germany) with a 12-channel Tim® Matrix head coil. Two high-resolution T1-weighted multiplanar rapidly acquired gradient echo (MP-RAGE) structural scans were acquired using generalized autocalibrating partially parallel acquisitions (GRAPPA) (TR = 2,530 ms; TE = 3.44 ms; flip angle = 7°; slices = 176, field of view = 256; resolution = 1 mm × 1 mm × 1 mm). Functional T2*-weighted BOLD images were acquired using an echo planar imaging (EPI) sequence (TR = 2000 ms; TE = 30 ms; flip angle = 90°; acquisition matrix = 64 × 64, field of view = 256; slices = 32; resolution = 4.0 mm isotropic). Slices were aligned along the anterior commissure/ posterior commissure line.
fMRI Pre-processing
Functional imaging data were preprocessed using the SPM8 software package (Statistical Parametric Mapping, Wellcome Department of Cognitive Neurology, London, UK). All BOLD images were first reoriented so the origin (i.e. coordinate xyz = [0 0 0]) was at the anterior commissure. Then the images were corrected for differences in slice timing and realigned to the first image collected within a series. Motion correction was conducted next and included realigning and unwarping the BOLD images to the first image in the series in order to correct for image distortions caused by susceptibility-by-movement interactions. Realignment was estimated using 2 nd degree B-spline interpolation with no wrapping while unwarp reslicing was done using 4 th degree B-spline interpolation with no wrapping. The high-resolution structural images were then coregistered to the mean BOLD image created during motion correction and segmented into white and gray matter images. The biascorrected structural images and the coregistered BOLD images were then spatially normalized into standard MNI (Montreal Neurological Institute) stereotactic space using the parameters derived during segmentation with resampling of the BOLD images to 2 × 2 × 2 mm isotropic voxels. The normalized structural images of all sixteen participants were averaged after normalization for overlay of group Statistical Parametric Maps (SPMs). Finally, BOLD images were spatially smoothed using a 6 mm full-width at half-maximum Gaussian filter to reduce noise.
Data Analysis
4.5.1 Behavioral analysis-Percent accuracy and reaction times were recorded using Eprime 2.0. Paired samples t-tests were used to assess whether differences existed between the overlapping and non-overlapping conditions in percent accuracy and reaction time at the critical choice point. If participants scored less than 75% correct on the critical choice for either the overlapping or non-overlapping condition, they were excluded from the study. Behavioral analysis was done using SPSS 16 (SPSS, Inc., Chicago, IL).
Learning phase versus experience phase behavioral analysis-We
used each individually participant's behavioral performance at the critical choice point to split the fMRI data into a learning phase and experienced phase. All trials beginning with and following the trial in which participants correctly identified the critical choice stimulus six times in a row comprised the experienced phase while all trials before the experienced phase constituted the learning phase. For example, if a participant correctly identified the critical choice stimulus six times in a row beginning with the fifth run, then all trials in the fifth through twelfth run were included as part of the experienced phase whereas all trials in the first four runs were included as part of the learning phase. Six correct critical choices was chosen as a criteria because it required the participants to correctly identify the critical choice of both sets of faces in a condition three times in a row.
fMRI Analysis
4.6.1 Region-of-interest ("seed") selection-The hippocampus served as our region of interest (ROI) in this study based on its known involvement in sequence learning and retrieval and our interest in characterizing this region's functional connectivity during the disambiguation of overlapping sequences. The left and right hippocampal coordinates (±30,−24,−15) were derived from Schendan et al., 2003 . The seed regions were created as 5 mm spherical ROIs centered on the coordinate using the MarsBar region of interest toolbox for SPM8 (Brett et al., 2002 ).
4.6.2
Beta series correlation analysis-Functional connectivity analyses were conducted using the beta series correlation analysis method (Rissman et al., 2004) . The first step of the beta series correlation method was to adapt the univariate fMRI data analysis so that the magnitude of the task-related BOLD response was estimated separately for each experimental trial. Therefore, a design matrix with 290 regressors was convolved with the canonical hemodynamic response function in SPM8. During model generation, the data was filtered with a 0.008 Hz high-pass filter. The regressors were created for each participant as a function of condition (overlapping, non-overlapping, random), trial phase (presentation, delay, critical choice, and final choice) and individual trial. Additional regressors included as part of the design matrix were a nuisance regressor comprised of the inter trial intervals, the feedback, cue period, and get ready signal as well as 6 motion regressors. Due to the short feedback time in our study design, there is a small amount of collinearity between the critical choice and the feedback period which may have influenced the results at the critical choice. Regressors were modeled as square waves, or boxcars, starting at the onset of the event with length equal to the corresponding trial phase (e.g. presentation regressors were modeled as 16 s square waves). Critical choice and final choice regressors were modeled as square waves equal to the time it took for the participant to respond on that particular trial.
Parameter estimates, or beta values, were computed for each regressor using the least squares solution of the GLM in SPM8. We then sorted these beta values into the individual trials of the presentation and critical choice phase of the overlapping, non-overlapping, and random conditions which were subsequently divided into learning and experienced trials yielding a set of 144 beta values for every voxel in the brain for the beta series correlation analysis. Beta series were then formed by stringing together the beta values for each individual trial in the appropriate condition. This method assumes the extent to which two brain voxels interact during a given condition can be quantified by the extent to which their respective condition-specific beta series are correlated (Rissman et al., 2004) . We used the left and right seed regions of the hippocampus to construct correlation maps specific to each condition by determining the correlation of that specific seed region's beta series with the beta series of all other voxels in the brain using a custom MATLAB (MathWorks, Natick, MA) script generously provided by Dr. Jesse Rissman.
For specific details and validation of the beta-series correlation method, see Rissman et al., 2004 . Briefly, condition-specific whole brain correlation maps were obtained by calculating the correlation of the specific seed region's beta series with that of all other brain voxels. An arc-hyperbolic tangent transform was then applied. The arc-hyperbolic transformed correlation coefficients were then divided by the standard deviation to produce a map of zscores. Group level random-effects statistical parametric maps (SPMs) for all 12 conditions of interest (presentation and critical choice periods of the overlapping, non-overlapping, and random conditions in the learning and experienced phases) were constructed using the ztransformed correlation maps of each individual participant in SPM8. Functional connectivity specifically related to the disambiguation of sequences was assessed in the presentation and critical choice periods of the learning and experienced phases by comparing the overlapping to the non-overlapping z-transformed correlation maps using paired t-tests in SPM8. This comparison was masked with the results of second level random effects analyses using one-sample t-tests examining hippocampal functional connectivity specific to the overlapping condition. For example, the comparison examining regions showing stronger hippocampal functional connectivity during the overlapping compared to the non-overlapping critical choice was masked with those regions showing significant hippocampal functional connectivity in the overlapping critical choice period. This masking was done to ensure that regions showing stronger disambiguation related functional connectivity (OL>NOL) was limited to those regions showing significant functional connectivity in the overlapping condition.
Sequence related functional connectivity was assessed in the presentation and critical choice periods of the learning and experienced phase by conducting paired t-tests on the ztransformed correlation maps of the non-overlapping sequence condition with the random condition in SPM8. These contrasts were masked with the results of results of second level random effects analyses using one-sample t-tests examining regions showing significant hippocampal functional connectivity in the non-overlapping condition.
Finally, we also compared left hippocampal functional connectivity during presentation and critical choice of the experienced phase in the random condition to the overlapping condition. These comparison analyses were not masked with any other results and were run to assess the impact of working memory load on hippocampal functional connectivity.
A cluster extent threshold was enforced in order to correct for multiple comparisons. Specifically, an individual voxel statistical threshold of p < 0.01 (T = 2.62) was enforced with a minimum cluster extent threshold of 96 resampled voxels (768 mm 3 ) was used for the results of the OL>NOL and NOL>RAN functional connectivity comparisons. The SPMs resulting from the one-sample t-tests which were used to mask these comparisons used an individual voxel statistical threshold of p < 0.001 (T = 3.79 ) with a minimum cluster extent of 48 resampled voxels (384 mm 3 ). A slightly stricter individual voxel threshold was used in the one-sample t-tests to ensure that the results of our contrasts were limited to those regions showing significant hippocampal functional connectivity in the individual conditions. Monte Carlo simulations with 10,000 iterations were run to determine the cluster extent necessary to correct for multiple comparisons. The Monte Carlo simulations modeled activity in each voxel using a normally distributed random number (mean of zero and unit variance) and type I error was assumed to be equal to the individual voxel threshold p value in a volume defined by the functional acquisition dimensions. Autocorrelation in the functional data was modeled in the Monte Carlo simulations with 6 mm full-width, half-maximum Gaussian kernels. The simulations then provided the number of voxels where the probability of obtaining that size cluster or larger was less than p < 0.01 when the individual voxel threshold was 0.01 and 0.001. Peak activations within each cluster of activation were identified in SPM8. Peaks of activation were reported if they were more than 4 mm apart and represented a different region of activity. If a specific region of activity had multiple peaks within a cluster, the peak with the highest t-value was reported. Brodmann areas were identified using a variety of reference materials (Damasio, 2005; Ongur et al., 2003; Petrides, 2005) .
work also involved the use of instrumentation supported by the NCRR Shared Instrumentation Grant Program and/ or High-End Instrumentation Grant Program; specifically, grant number S10RR021110. We would like to thank Dr. Jesse Rissman for providing his MATLAB code for functional connectivity analysis and Thackery Brown for assisting in fMRI data collection. Graphical representation of the overlapping and non-overlapping conditions. Each condition consisted of six faces represented by letters and numbers. The middle two faces of the two overlapping sequences were identical (X and Y). No faces were shared between the two non-overlapping sequences. Faces in the overlapping and non-overlapping sequences were always presented in the same order. Behavioral paradigm. During the presentation phase, the first four faces of a sequence were shown paired with a blurred face for 4 second each. The presentation phase was followed by an 8 sec delay period where participants focused on a fixation dot. During the choice period, participants selected between two faces in order to complete the fifth and sixth elements of the sequence. The choice for the fifth element was termed the "critical choice" and the choice for the sixth element was termed the "final choice". Face pairs during the choice phase were presented for 4 sec and response feedback indicated to participants whether or not they were correct. The choice phase was followed by a 6 sec inter-trial-interval (ITI). A 2 sec cue was shown after the ITI to indicate to participants if the upcoming trial was going to be a sequence trial (either overlapping or non-overlapping) or a random trial. Finally, a 2 sec prompt for the participant to "Get Ready" for the next trial was shown after the cue. Regions showing significant sequence related functional connectivity (non-overlapping > random) with the hippocampus. (A) Left hippocampus sequence related functional connectivity during the presentation phase while participants were learning the sequences with the ventral striatum, medial prefrontal cortex (MPFC) and the orbitofrontal cortex (OFC). (B) The top panels illustrate significant sequence related functional connectivity between the right hippocampus and the ventral striatum and rostral prefrontal cortex (RPFC) in the presentation phase while participants were learning the sequences. The bottom panels show medial prefrontal cortex (MPFC) and middle frontal gyrus (MFG) functional connectivity to the right hippocampus at the critical choice while participants were learning the sequences. (C) Regions showing significant functional connectivity with the right hippocampus at the critical choice after participants knew the sequences. All images displayed using p < 0.01 with 96 contiguous voxels. L = left hemisphere, R = right hemisphere 
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